The present review summarizes the information available on the ab initio calculations of spin-spin nuclear coupling constants through hydrogen bonds or in van der Waals complexes. It also reports the sources of experimental data on nh J XY scalar couplings.
Introduction
We intend to summarize the present knowledge about the ab initio calculations of coupling constants in non bonded systems, also called supermolecules. Bonded means here, covalently bonded, because most supermolecules are formed by fragments linked together by hydrogen bonds (HBs). We will start with a brief summary of the theory of scalar coupling constants followed by the ab initio approach to these magnitudes. Then, the three main sections will be devoted to "Hydrogen bonded molecules: couplings through a hydrogen bond", to "Hydrogen bonded molecules: couplings through a dihydrogen bond" and to "Van der Waals complexes".
According to the IUPAC recommendations [1] , n J should be used for nuclear spin-spin coupling constants through n bonds (usually given in frequency units) Parentheses may be used (for example) to indicate the species of nuclei coupled, e.g. J( 13 C, 1 H) or, additionally, the coupling path, e.g.
J(POCF).
Where no ambiguity arises, the elements involved can be, alternatively, given as subscripts, e.g. J CH .
The nucleus of higher mass should be given first. n K, is the reduced nuclear spin-spin coupling constant defined as K jk = 4π
2 J jk /hγ j γ k , [2] where h is the Planck constant and γ i ,γ j are the magnetogyric ratios of i and j nuclei (a list of γs can be found in http://www.eclipse.net/~numare/nsinmrpt.htm).
Reduced coupling constants are useful when comparing coupling constants for different isotopes. K is given in N A -2 m -3 , the only problem is that due to the small value of h (6.626176 J, a unification by the IUPAC of the notation seems highly desirable) where h stands for hydrogen bond and n is the number of bonds, including the HB, that separates the coupled nuclei.
The theory of scalar spin-spin coupling constants
Magnetic phenomena are included consistently in the Dirac relativistic equation. However, nonrelativistic limit (Pauli) is usually sufficient for interpretation of NMR experiments [4] if heavy atoms are excluded. Quantum mechanically, the scalar coupling can be defined as the mixed second derivative of the energy of the molecule with respect to the magnetic moments of two nuclei:
J IS,xy = ∂ 2 E/∂µ I,x ∂µ S,y
It can be subdivided into four distinct components:
-Fermi contact (FC), H FC .
-Paramagnetic spin-orbit (PSO), H PSO .
-Diamagnetic spin-orbit (DSO), H DSO .
-Spin-dipolar (SD), H SD .
In general, the most important contribution to the scalar coupling is the Fermi contact term, the exception being coupling constants involving fluorine atoms, in particular 19 F··· 19 F couplings. This term relies on the probability of finding an electron at the site of the two coupled nuclei (this term rigorously disappears when there is no overlap between atoms). Concerning the FC term, it is expected that σ electrons will play a very significant role since these are the only electrons that do not have nodes at the nuclear sites. Unlike π or δ orbitals, only σ orbitals have a nonzero value at the site of the nucleus. However, the FC coupling is also transmitted through the π-electronic system owing to exchange interactions between the σ-and π-electronic systems (the FC spin information "leaks" into the p-electronic system). In fact, σ orbitals are characterized by a cusp at the site of the nucleus. Thus, it can be seen that, unlike shielding, scalar coupling calculations will be specially sensitive to the shape of the electronic wavefunctions near the nucleus. This gives rise to the difficulty in using Gaussian functions; the problem stems from the difference between the cusp of a Gaussian orbital and that of an STO one. Thus, scalar coupling calculations are often much more demanding than chemical shifts.
In addition to the direct contact term (an electron actually visiting both nuclei), there is a magnetic interaction through space between the spin-orbit momentum of an electron and that of a nucleus. These two terms are very similar to the ones seen in defining shielding except that both sources of perturbation are nuclear magnetic moments (there is no external magnetic field). Many authors point out that there is a compensation between the PSO and DSO terms.
There is also the spin dipole-dipole interaction between electrons and nuclei. This interaction also does not require the Fermi-contact term. And lastly, there is a mixed Fermi contact, spin dipolar interaction where one interaction is between an electron visiting the site of one of the nuclei and interacting with the other nuclei through space. This interaction is primarily responsible for the observed anisotropy of the coupling tensor.
Ab initio calculations of scalar coupling constants
Concerning the examples found in the literature, they can be classified into three main groups:
1a. Methods based on DFT (Density Functional Theory).
Type DFT-FPT (Pople's Finite Perturbation Theory): Gaussian set of programs. Figure 1 ). 
Hydrogen bonded molecules: couplings through a hydrogen bond
The hydrogen-bond-induced changes of the intramolecular spin-spin coupling constants will not be discussed systematically (for instance, 1 J NH before and after the NH group was involved in an HB).
Any hydrogen bond (HB) of the A-H···B type can adopt three limit situations (we will use IMHB for intramolecular hydrogen bonds): classical, shared and proton transfer. In cases were the proton is shared between A and B the distinction between 1 J AH and 1h J B···H disappears; finally, when the proton is completely transferred, the situation again becomes "classical", with The contribution of the Bartlett, Perera and Del Bene's group to this topic is so significant that we have decided to divide this section in three parts: a) Other groups [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ; b) Bartlett-Perera-Del Bene [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] ; c) Data analysis [37] [38] [39] [40] [41] .
a) Other groups. Three publications by Pecul, Sadlej and Leszczynski are noteworthy for the quality of the calculations. In the first one, Pecul and Sadlej [9] described their calculation on water dimer. In the first part they use the conventional case of water monomer (Table 1) to compare different approaches to the calculation of spin-spin coupling constants (they were dominated by the Fermi contact and paramagnetic spin-orbital terms). The second paper [11] deals with the important case of N-H···O=C (this last atom is designed C' in most publications following the common use in peptides) and N-H···N=C systems. Thus, formamide dimer (Fa-Fa) 6 and formamide-formamidine dimer (Fa-Fi) 7 have been studied at the MCSCF level. Table 7 ). Using the same methodological approach, they calculated two complex fragments 9 and 10 with different N-H···O=P geometries.
Fragment 9 is a model of 
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Barfield's contribution is important having published four papers between 1999 and 2002 [14] [15] [16] [17] [18] .
In his first paper, published with Grzesiek, two DNA triplets 13 (T·A-T) and 14 (C + ·G-C) were studied theoretically (DFT-FTP//UB3PW91/6-311G**) to be compared with their experimental results ( Table   7 of the Appendix) [14, 15] . In these systems, two trans-hydrogen bond Table 7 , Appendix) 2h J HH couplings in 1,3 and 1,4-diols of favorable conformation and computed (DFT/FTP) these couplings for different geometries of the fragment O-H···O-H with acceptable results [16, 17] . In his last publication, Barfield addressed the problem of proteins, and specifically, the notorious 3h J NC' coupling [18] . He used as a model, The authors of one of the most widely used methods for calculating coupling constants, Malkin and Malkina, collaborated with Limbach in the study of the experimental findings of these last authors (reported in They measured or estimated all the possible coupling constants that were also calculated at the MCLR-CAS level [19] . This collection of data is still remarkable for the wealth of information it contains being completely apart from peptides, nucleic acids or their combination.
The second publication is of a more theoretical nature [20] . 
H
Although not reporting coupling constants, a third paper by Limbach is worth quoting because it describes the influence of an electric field on the geometry and properties of A-H···B complexes [21] .
Bagno has examined the case of formamide dimer 15 in relation with the case of ubiquitin (see Table 7 ) [22] . He has built up the coupling surface of 3h J NC' in function of the N···O distance and the dihedral angle. His conclusions, based on FTP/DFT calculations are similar to those of Barfield [18] , which were obtained two years later.
Finally, we have calculated the coupling constants of structures 17-19 in an attempt to determine whether the coupling of 1.5 Hz between 15 N and 31 P (not directly bonded) is transmitted through the skeleton ( 4 J NP ) or through the HB ( 3h J NP ) [23] . Only the Fermi contact term was calculated using the FTP/B3LYP/aug-cc-pVTZ approach. The conclusion is that the main transmission pathway is through the covalent bonds. Remember that all papers by this group are based on high-level EOM-CCSD calculations. Perera Table 7 ). . To the Cl-H···NH 3 complex they applied an external electric field along the HB to modify the character of the HB, an approach already used by Limbach and ourselves [21] . When the field increases, the system moves from traditional, to shared, to ion-pair. We report their most significant results in Contrary to most authors, they prefer graphical representations to statistical models. Their graphs clearly showed that their seven data belong to two families, the first set corresponds to 0.0000-0.0040 a.u. fields and the second one to 0.0055-0.0150 a.u. fields. These sets can be adjusted to linear correlations, although they probably correspond to the two branches of an exponential [21] (eqs. 8-13).
First set (traditional Cl-H···N HB): Table 7 ). Here again, the FC term dominates, other terms being negligible. Their results are reported in Table 7 ). Using as a model structure 25, the results reported in Table 5 were found (only the FC term was computed). Table 6 . In all cases, proton-shared and ion-pair 
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The next problem they tackled concerns the hydrogen chloride:pyridine complex (26) [32] . Pyridine is a very good HBA because the positive charge can be delocalized over the ring. In this example, increasing the field, they succeeded to attain the proton-shared and afterwards the ion-pair structures.
They carried out the calculations using an isotropic external electric field (analogous to the Onsager's model), optimizing the structure for each field (under some restrictions) and then calculating the coupling constants with the field turned off (turning on the external field during the calculations increases the absolute value of Del Bene, Jordan, Parera and Bartlett [33] Two papers [34, 35] can be consulted to get an overview of the preceding series of papers. One dealing with 15 The last paper until now reports calculations of 3h J 15N-31P spin-spin coupling constants across N-H···O-P hydrogen bonded complexes [36] . This work is similar in subject but different in methodology to that of Czernek and Brüschweiler [12] . Instead of complex structures 9 and 10, Three-bond coupling constants can be appreciable when the phosphorous is P(V), but are negligible with P(III). Peralta, Contreras et al. analyzed using NBOs (Natural Bonding Orbitals) the C-H···O interaction in NCH···OH 2 and NCH···O=CH 2 27 and their effect on nuclear magnetic shielding constants [37] . In a subsequent paper, they expanded the same methodology to the dissection of fluorine-fluorine couplings (see below, 31). They proposed a partition of the Fermi contact term as a sum of contributions of core orbitals, non-bonding electron pairs and bonding orbitals. As expected the coupling constant through the space are governed by the non-bonding electron pair term in all the cases studied [38] .
Weinhold, the creator of NBO analysis, applied his method first to an example of covalent bonds ( 3 J HH couplings in ethane) [39] [41] . They found an exponential relationship between the mutual penetration of the electronic clouds and the coupling constant values.
Hydrogen bonded molecules: couplings through a dihydrogen bond
This fascinating topic has been covered recently [42] , we have replaced the letter h of hydrogen 
Van der Waals complexes
The number of publications devoted to the study of scalar couplings in van der Waals complexes is much more reduced than those concerning HBs. The reason is fairly simple: there are no experimental results! Therefore, the only existing papers reported explorations of hypothetical situations, although their conclusions are important: i) the transmission of the scalar nuclear spin-spin coupling is a property not restricted to the HBs; ii) the existence of the nuclear spin-spin coupling transmitted through an interaction is not an evidence of the covalent character of this interaction. [38] .
Conclusions
We are, at the end of 2002, in an interesting and unstable situation: the calculation of scalar couplings shows the same impetus and problems as some ten years ago did the calculation of nuclear shieldings, being still highly demanding on computational effort. The authors face a difficult election:
either to considerably simplify the problem or to lower the level of the method to the point to obtain dubious results. Even with a considerable simplification, there are problems accessible only to people having access to big supercomputational centers.
It is expected than in the next ten years, development in software and hardware will allow some fascinating problems to be tackled. For instance, other interactions deserved to be explored like inverse HBs [51, 52] , three-centered (bifurcated) HBs [53] , charge-transfer bonds [54] , etc. One of the main objectives that should be approached in the next years is the calculation of coupling constants including heavy atoms (therefore, including relativistic corrections) because the structure of many fundamental problems in chemistry (catalysis) and biochemistry involve these atoms.
We hope that this review will encourage other physicists, chemists, biochemists, molecular biologists and NMR spectroscopists to endeavor the calculation of spin-spin scalar coupling constants.
Appendix
We feel useful to summarize in Table 7 the experimentally measured nuclear spin-spin coupling constants through a hydrogen bond, because they are the test used for many theoretical works .
Two cases have to be distinguished: intermolecular and intramolecular HBs (these last we will name as IMHBs). The first class is without ambiguity but not so the second one. We consider coupling 
[60]
33 [51] 37 [61] 35 [59] 38 [70] 34 [58] Scheme 2. Some examples of scalar couplings through intramolecular HBs (IMHB) Amongst the intermolecular HBs, the most common situations are summarized in Scheme 3. They are found both in nucleic acids and in proteins (in this last case, the atoms of the second aminoacid residue are noted with a dash). 
